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1
METHOD FOR MANUFACTURING A
RESISTIVE SWITCHING MEMORY CELL
COMPRISING A NICKEL OXIDE LAYER
OPERABLE AT LOW-POWER AND MEMORY
CELLS OBTAINED THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application No. 61/183,226 filed in the US Patent and
Trademark Office on Jun. 2, 2009, the entire contents of
which is incorporated herein by reference.

BACKGROUND

1. Field of the Invention

The present disclosure relates to a non-volatile memory
cell comprising a reversible resistance switching metal oxide
layer, its resistance value being representative of the data
stored in the memory cell.

2. Description of the Related Art

Today the Flash non-volatile memory (NVM) technology
dominates the market of non-volatile memories. In a flash
NVM memory charge is stored in a conductive or non-con-
ductive charge storage layer incorporated in a MOSFET
structure. It is expected that this type of non-volatile memory
technology will face severe scaling problems beyond the 45
nm technology node due to fundamental physical limitations
associated with this data storage mechanism as put forward in
the International Technology Roadmap for Semiconductors
(ITRS), “2005 edition, Process integration, Devices and
Structures” as downscaling the memory cell dimensions
inherently leads to a reduction of the amount of charge, rep-
resentative for a value of the bit, that can be stored in the
memory cell.

Other non-volatile memory technologies are emerging
which have the potential of allowing further downscaling of
the memory cell dimensions. Among the most promising
technologies is the resistive switching memory technology
also known as Resistive Random Access Memory (ReRAM)
technology. Such a ReRAM memory cell comprises a
memory element and a selection element. The resistance of
the non-volatile memory element can be reversibly varied
between at least two stable resistance states employing a
voltage- or current-induced change of the conductivity of the
resistive switching material present in the memory cell. Each
resistance state corresponds to a value of the bit stored in the
memory cell.

Examples of such reversible resistive switching materials
are chalcogenides, carbon polymers, selected binary metal
oxides such as nickel oxide, tungsten oxide, copper oxide,
ternary metal oxides such as nickel cobalt oxide or even more
complex metal oxides such as Cr doped Sr(Ti)ZrO; or
Pr, ;Cap sMny 5.

Among the binary metal oxides nickel oxide plays a domi-
nant role, as it forms a well characterized metal oxide having
a stoichiometric nickel-to-oxide ratio 1/1. Nickel is a metal
that is compatible with the mainstream CMOS technology. In
a NiO based ReRAM memory cell, switching between two
distinct resistance states is related to the formation and dis-
ruption of conductive filaments throughout the resistive
switching NiO. As the filament width is believed to be in the
range of nanometers, the NiO ReRAM memory cell can be
scaled below the 45 nm technology node.

The unipolar resistive-switching of a NiO based ReRAM
memory cell canbe described as follows: 1) the cell resistance
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is initially high and requires a so-called electro-forming volt-
age to generate conductive filaments through the NiO matrix
and to switch the cell to the low-resistive state (LRS), this
electro-forming voltage is typically 3V or higher; 2) the cre-
ated filaments can be disrupted in a sort of fuse blow using a
high current, called reset current, so that the cell returns to a
high resistive state (HRS), this reset current is typically in the
milli-ampere range; 3) the filaments can be restored using a
set voltage lower than the electro-forming voltage. A drastic
reduction of these operating parameters is mandatory to allow
scaling of the NiO-based ReRAM memory cell.

Kinoshita et al. discusses in “Universal understanding of
direct current transport properties of ReRAM based on a
parallel resistance model,” Journal of Material Research, Vol.
23, No. 3, March 2008 various models for the switching
behaviour of binary metal oxides, in particular of a nickel
oxide layer sandwiched between two platinum electrodes. In
this paper the temperature and area dependency of the low
resistance state (LRS) and the high resistance state (HRS) was
studied.

A major drawback of the state-of-the-art NiO based
ReRAM memory cells is that they require high electro-form-
ing voltage and reset current.

SUMMARY

It is an object of embodiments to provide a ReRAM
memory cell and a method for manufacturing such cell.

The above objective is accomplished by a device and a
method according to the disclosed embodiments.

It is an advantage of a metal oxide based ReRAM memory
element according to the embodiments that it is scalable.

It is an advantage of a metal oxide based ReRAM memory
element according to the embodiments that it can operate at a
low set and reset power.

It is an advantage that the reset current I, ., of unipolar
resistive-switching non-volatile memory elements according
to the embodiments, for resetting the memory element to a
high resistive state, can be less than 100 uA, for example less
than 50 uA. The resistivity of this high resistive state increases
with temperature.

It is an advantage that the set voltage V_,, of unipolar
resistive-switching non-volatile memory elements according
to the embodiments can be less than 1V.

It is an advantage of a metal oxide based ReRAM memory
element according to the embodiments that it has a low form-
ing step voltage V..., €-8. below 3 Volts.

It is an advantage of a metal oxide based ReRAM memory
element and a method for operating such memory element
according to the embodiments that it provides a reproducible
filament formation and erasure.

It is an advantage of a metal oxide based ReRAM memory
element according to the embodiments that it has better reten-
tion properties than prior art devices.

In a first aspect a unipolar resistive-switching non-volatile
memory element is disclosed, comprising a metal-oxide layer
sandwiched between and in contact with a top electrode and
a bottom electrode, the resistivity of the metal-oxide layer
being switchable between a low resistive state (LRS) and a
high resistive state (HRS). The resistive switching metal
oxide layer has a substantial isotropic substoichiometric oxy-
gen-to-metal ratio selected to have a forming voltage Vi,
for bringing the memory element into an initial low resistive
state, of 1V or less. It has been found experimentally, for
example, that the change from a ratio O/Ni=1 to O/Ni=0.75
allows for the reduction of V,,,,,,,,, from a few volts down to
0.9-1V.
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In a memory element according to the embodiments, the
resetcurrent [ . required for setting the memory element to
a high resistive state, may be less than 100 uA, for example
less than 50 uA. This may be obtained due to the substoichio-
metric oxygen-to-metal ratio of the metal-oxide layer,
coupled to a specific microstructure obtained for a particular
oxidation duration.

The resistivity of the low resistance state LRS may be
selected by selecting the compliance current I, , imposed
on the measurement equipment, and applied when bringing
the memory element into the low resistance state LRS. As
different compliant currents lead to different low resistance
states, multilevel programming may be obtained. The com-
pliance current I, of the voltage set switching may be
selected so as to obtain a semiconducting low resistive state.
This semiconducting low resistive state may be obtained by
forming semiconducting filaments in the resistive switching
metal oxide layer.

The metal oxide layer of a memory element according to
the embodiments may be a binary metal oxide layer such as
for example a nickel oxide layer. The oxygen-to-nickel ratio
of the nickel oxide layer may be between 0 and 0.85.

Ifnickel oxide is used as metal oxide layer, then the bottom
electrode can comprise nickel. A bottom electrode can then,
for example, comprise a nickel containing layer contacting
the nickel oxide layer, and a titanium containing layer con-
tacting the nickel containing layer. A particular bottom elec-
trode can be structured as follows: a nickel layer contacting
the nickel oxide layer, a titanium nitride layer contacting the
nickel layer, and a titanium layer contacting titanium nitride
layer.

If nickel oxide is used as metal oxide layer, then the top
electrode can comprise or consist of nickel.

A selection element can be in electrical contact with one of
the electrodes of the memory element thereby forming a
selectable memory cell. Such a selection element can be a
MOSFET, and one of the source/drain junctions of the MOS-
FET is electrically connected to one of the electrodes.

In a second aspect, methods for forming the resistive
switching non-volatile memory elements of the first aspect
are disclosed, the methods comprising obtaining a substrate,
forming a bottom electrode on the substrate, forming a resis-
tive switching metal oxide layer on the bottom electrode, the
metal oxide layer having a substantial isotropic non-stoichio-
metric metal-to-oxygen ratio, and forming a top electrode on
the metal oxide layer.

The metal oxide layer of this memory element may be a
binary metal oxide layer such as a nickel oxide layer. The
oxygen-to-nickel ratio of the nickel oxide layer may be
between 0 and 0.85.

Ifnickel oxide is used as metal oxide layer, then the bottom
electrode can comprise nickel. A bottom electrode can then
contain a nickel containing layer contacting the nickel oxide
layer, and a titanium containing layer contacting the nickel
containing layer. A particular bottom electrode can be struc-
tured as follows: a nickel layer contacting the nickel oxide
layer, a titanium nitride layer contacting the nickel layer, and
a titanium layer contacting titanium nitride layer.

If nickel oxide is used as metal oxide layer, than the top
electrode can comprise or consist of nickel.

In a third aspect, a method for multi-level programming of
the unipolar resistive-switching non-volatile memory ele-
ments according to the first aspect is disclosed, whereby the
memory element comprises a metal-oxide layer sandwiched
between and in contact with a top electrode and a bottom
electrode, the resistivity of the metal-oxide layer being swit-
chable between a low resistive state (LRS) and a high resistive
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state (HRS), whereby the resistive switching metal oxide
layer has a substantial isotropic substoichiometric oxygen-
to-metal ratio selected to have a forming voltage Vi, ,,;,,, for
bringing the memory element into an initial low resistive
state, of 1V or less. The programming method comprises
selecting a value for the low resistance state LRS, and select-
ing a value of the set power, for being applied during the set
voltage switching, in view of the selected low resistance state,
and switching the memory element into a low resistance state
LRS by applying the selected set voltage V.. The value for
the set power can be selected by selecting a value of the
compliance current I.,,,», applied during the set voltage
switching. In particular embodiments, the selected set voltage
is 1V or less, and the selected compliance current is in the
range of 0.1 uA to 1 mA depending on the desired low resis-
tance state. The low resistance state is of a semiconducting
behaviour obtained by forming semiconducting filaments in
the resistive switching metal oxide layer.

For purposes of summarizing the disclosed embodiments
and the advantages achieved over the prior art, certain objects
and advantages have been described herein above. Of course,
it is to be understood that not necessarily all such objects or
advantages may be achieved in accordance with any particu-
lar embodiment. Thus, for example, those skilled in the art
will recognize that the disclosed embodiments may be carried
out in a manner that achieves or optimizes one advantage or
group of advantages as taught herein without necessarily
achieving other objects or advantages as may be taught or
suggested herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic cross-sectional view of a subs-
toichiometric nickel oxide memory element according to a
first aspect.

FIG. 2 shows a schematic cross-sectional view of a subs-
toichiometric nickel oxide memory element according to a
particular embodiment of the first aspect.

FIG. 3 shows a flow chart listing process steps according to
a second aspect for manufacturing a substoichiometric nickel
oxide memory element according to the first aspect.

FIG. 4 to FIG. 8 illustrate by schematic cross-sectional
views process steps of a process flow according to a second
aspect for manufacturing a substoichiometric nickel oxide
memory element according to the first aspect.

FIG. 9 and FIG. 10 show current I (A)-voltage V (V)
set/reset switching curves of a memory cell according to the
first aspect, respectively when the reset voltage Vo718 t00
close to the set voltage V i, and when current is forced and
voltage compliance is used.

FIG. 11 and FIG. 12 show current I (A)-voltage V (V)
set/reset switching curves, respectively illustrating multilevel
programming on a memory cell according to the first aspect,
and set-reset cycle using low-power switching, 1oz ~80
UA, Vzr~ 0.6V. The traces with black symbols show the set
sweeps preceding the reset sweeps represented by corre-
sponding empty symbols.

FIG. 13 and FIG. 14 show LRS resistance Rz, of a
memory cell according to the first aspect as a function of
compliance current I ~,,,» during set cycle and as a function
of power P during set cycle, respectively.

FIG. 15 and FIG. 16 show, for a memory cell according to
the first aspect, the dependency on the LRS resistance R .z of
reset current .oz and reset power Py o, respectively.

FIG. 17 and FIG. 18 show current I (A)-voltage V (V)
characteristics of the LRS state R ;z-0f a memory cell accord-
ing to the first aspect, recorded at different temperatures
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obtained using high set power P, to obtain low Ry, and
low set power P.-to obtain high R .., respectively.

FIG. 19 shows (a) the dependence of the activation energy
on the LRS resistance R i, when going from metallic behav-
iour to semiconducting behaviour and (b) associated amounts
of oxygen vacancies.

FIG. 20 shows the retention behaviour of a memory cell
according to the first aspect for a read voltage of 0.1V at 150°
C.

FIG. 21 shows current I (A)-voltageV (V) set/reset switch-
ing curves for a Ni/NiO/TiN memory cell in a single 80 nm
wide contact hole.

FIG. 22 illustrates the decrease of 1,zqzr With 15, for
Ni/NiO/Ni multiple contact memory cell and Ni/NiO/TiN
single contact memory cell.

DETAILED DESCRIPTION

The present systems and methods will be described with
respect to particular embodiments and with reference to cer-
tain drawings but the invention, as set forth in the claims, is
not limited to those embodiments. The drawings described
are only schematic and are non-limiting. In the drawings, the
size of some of the elements may be exaggerated and not
drawn on scale for illustrative purposes. The dimensions and
the relative dimensions do not necessarily correspond to
actual reductions to practice.

Moreover, the terms over, under, underneath and the like in
the description and the claims are used for descriptive pur-
poses and not necessarily for describing relative positions. It
is to be understood that the terms so used are interchangeable
under appropriate circumstances and that the embodiments
described herein are capable of operation in other orientations
than described or illustrated herein.

It is to be noticed that the term “comprising”, used in the
claims, should not be interpreted as being restricted to the
means listed thereafter; it does not exclude other elements or
steps. It is thus to be interpreted as specifying the presence of
the stated features, integers, steps or components as referred
to, but does not preclude the presence or addition of one or
more other features, integers, steps or components, or groups
thereof. Thus, the scope of the expression “a device compris-
ing means A and B” should not be limited to devices consist-
ing only of components A and B.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus,
appearances of the phrases “in one embodiment” or “in an
embodiment” in various places throughout this specification
are not necessarily all referring to the same embodiment, but
may. Furthermore, the particular features, structures or char-
acteristics may be combined in any suitable manner, as would
be apparent to one of ordinary skill in the art from this dis-
closure, in one or more embodiments.

Similarly it should be appreciated that in the description of
exemplary embodiments, various features are sometimes
grouped together in a single embodiment, figure, or descrip-
tion thereof for the purpose of streamlining the disclosure and
aiding in the understanding of one or more of the various
features. This method of disclosure, however, is not to be
interpreted as reflecting an intention that the claimed inven-
tion requires more features than are expressly recited in each
claim. Rather, as the following claims reflect, inventive
aspects lie in less than all features of a single foregoing
disclosed embodiment. Thus, the claims following the
detailed description are hereby expressly incorporated into
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this detailed description, with each claim standing on its own
as encompassing one or more separate embodiments of this
invention.

Furthermore, while some embodiments described herein
include some but not other features included in other embodi-
ments, combinations of features of different embodiments are
meant to be within the scope of the invention, and form
different embodiments, as would be understood by those in
the art. For example, in the following claims, any of the
claimed embodiments can be used in any combination.

In the description provided herein, numerous specific
details are set forth. However, it is understood that embodi-
ments of the invention may be practiced without these spe-
cific details. In other instances, well-known methods, struc-
tures, and techniques have not been shown in detail in order
not to obscure an understanding of this description.

In a first aspect a resistive switching nonvolatile memory
element 1 is disclosed comprising a metal oxide layer 3 sand-
wiched between and in contact with a bottom electrode 2 and
a top electrode 4. The bottom electrode 2 is formed on a
substrate 5. The resistive switching metal oxide layer (M, O,)
has a substantial isotropic non-stoichiometric oxygen-to-
metal y/x ratio, in particular the effective oxygen-to-metal
ratio (y/x),, is smaller than the stoichiometric oxygen-to-
metal ratio (¥/%),o0 (v/X) <Y/ X)sz0 OF [(y/X)off (y/X)51]<1. In
particular embodiments, [(y/x),#(y/X),,,] is less than 0.85.
FIG. 1 shows a schematic cross-section of such memory
element 1.

In order to form a particular metal oxide M,O,, metal and
oxygen atoms must be provided in a well-defined oxygen-to-
metal ratio y/x. This ratio is known as stoichiometric when the
metal and oxygen atoms involved are provided in the exact
proportions required to form the selected metal oxide. This
stoichiometric ratio corresponds to the proportion of the ele-
ments required to form the unit molecule of a compound in a
given crystalline state. In case of nickel oxide when in the
cubic face centered state, this stoichiometric ratio (y/x),,,=1
for NiO: for every nickel atom Ni one oxygen atom O (or %2
0,) is to be provided. If, however, one of the substances, either
metal or oxygen is provided in an amount different from, i.e.
greater than or smaller than, the amount required to form the
desired metal oxide, the resulting metal oxide is said to be
non-stoichiometric. If in case of nickel oxide, nickel is pro-
vided in a proportion more than required to have a 1-to-1 ratio
in the resulting nickel oxide, the nickel oxide is said to be
non-stoichiometric, in this particular example one calls the
Ni,O, with (y/x),,<1 a metal-rich metal oxide as nickel is in
excess of the stoichiometric ratio. Alternatively one can call
this metal oxide, when oxygen is in a proportion less than
required by stoichiometry, an oxygen-deficient metal oxide.
Although nickel oxide is used for the purpose of teaching, the
metal oxide layer 3 can be formed by providing other metal
oxides such as for example, but not limited thereto, TiOx,
HfOx, ZrOx, CuOx, WO, in a non-stoichiometric ratio in
order to obtain a resistive switching nonvolatile memory ele-
ment showing the unipolar low power switching characteris-
tics.

Although the composition of the metal oxide M,O,, in
resistive switching devices according to the embodiments is
non-stoichiometric, in particular oxygen-deficient, this com-
position may be substantially uniform over the volume of the
metal oxide layer formed. In particular embodiments, there is
essentially no gradient or variation in the non-stoichiometric
oxide-to-metal ratio (y/x), over the formed metal oxide layer
in either direction. The non-stoichiometric oxide-to-metal
ratio (y/x),ymay be substantially isotropic over the wafer and
over the metal oxide layer thickness. In particular embodi-
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ments, this ratio (y/x),,may vary less than 10%, for example
less than 5%, over the wafer and over the layer thickness.

In particular embodiments, this metal oxide layer may be a
layer of a binary metal oxide, such as for example, but not
limited thereto, nickel oxide. If the metal oxide layer is a
nickel oxide Ni, O, layer the non-stoichiometric oxygen-to-
nickel ratio (y/x),, may be between 0 and 0.85: 0<
(y/%),;=0.85. In particular embodiments, the non-stoichio-
metric oxygen-to-nickel ratio (y/x) ,may be between 0.6 and
0.85: 0.6<(y/x),;=0.85. The non-stoichiometric oxygen-to-
nickel ratio (y/x),, can be between 0.6 and 0.75: 0.6=
(y/x),,=0.75.

The bottom electrode 2 of the memory element illustrated
by FIG. 1 is formed of one or more conductive materials. In
particular embodiments, for example if the metal oxide layer
3 is a nickel oxide layer, the bottom electrode 2 can comprise
nickel. In particular embodiments, the bottom electrode 2
may comprise a layer of nickel or a nickel containing layer 6
in contact with the metal oxide layer 3. The bottom electrode
2 can further comprise a second conductive layer, such as e.g.
a titanium nitride containing 7 layer, contacting the nickel
containing layer 6. The bottom electrode 3 can further com-
prise a third conductive layer, e.g. a titanium containing layer
8, contacting the second conductive layer, in the example
given the titanium nitride containing layer 7.

The top electrode 4 of the memory element illustrated in
FIG. 1is formed of one or more conductive materials such as,
for example, TiN or Ni. The top electrode 4 can comprise or
consist of a TiN layer 10. The TiN may contact the metal
oxide, e.g. nickel oxide, resistive switching layer 3. In alter-
native embodiments, the top electrode 4 can comprise or
consist ofnickel. In particular embodiments, the top electrode
4 comprises a layer of nickel 9 in contact with the metal oxide
layer 3. The top electrode 4 can comprise a nickel layer 9 in
contact with the metal oxide layer 3, and a TiN layer 10 on top
thereof.

A particular embodiment is illustrated in FIG. 2 showing a
resistive switching nonvolatile memory element comprising a
nickel oxide Ni,O,, layer 3 sandwiched between and in con-
tact with a bottom electrode 2 and a top electrode 4. The
bottom electrode 2 is formed on a substrate 5. The resistive
switching nickel oxide layer has a substantial isotropic non-
stoichiometric oxygen-to-nickel ratio (y/x),, with 0<
(y/x),;=0.85. The bottom electrode 2 is a stack of a layer of
nickel 6 in contact with the nickel oxide layer 3, a titanium
nitride containing layer 7 contacting the nickel containing
layer 6 and a titanium containing layer 8 contacting the tita-
nium nitride containing layer 7. The top electrode 4 is a stack
of a layer of nickel 9 in contact with the nickel oxide layer 3
and a TiN layer 10 in contact with the nickel layer 9.

A nonvolatile resistive switching memory element accord-
ing to the embodiments can be set and erased using low-
current levels, e.g. less than 100 uA, for example less than 50
uA, and low-voltage levels, e.g. less than 1.5V, for example
less than 1V. This low operation power is allowed by the
substoichiometric nature of the M, O, layer, e.g. the Ni, O,
layer, consisting of a reasonably high density of oxygen-
vacancy defects. Indeed, a low electrical power allows the
formation of a conductive filament presumably consisting of
a chain of oxygen vacancies from bottom to top electrode.
Such a low-power filament formation also avoids extended
damage generation, and thus a low power is also effective to
reset (or disrupt) this latter formed filament.

Also, a memory cell is disclosed comprising a memory
element according to any of the foregoing embodiments, and
a selection element in electrical contact with one of the elec-
trodes. This selection element can be a MOSFET, one of the

20

25

30

35

40

45

50

55

60

65

8

source/drain junctions of the MOSFET being electrically
connected to one of the electrodes. During operation of the
memory cell electrical access to the memory element 1 is
provided via the top electrode 2 and/or bottom electrode 3 of
the memory element 1 when selected by means of the corre-
sponding selection element.

In a second aspect methods for manufacturing a memory
element according to any of the embodiments of the previous
aspects are disclosed.

The metal oxide, e.g. NiO, memory element 1 is formed by
first obtaining a substrate 5 having a dielectric surface layer
(step 20 of the flowchart illustrated in FIG. 3). This dielectric
surface layer can, for example, be a silicon oxide layer formed
on a silicon substrate. Then a bottom electrode 2 comprising
ametal layer e.g. a nickel layer 11, is formed on this dielectric
surface layer of the substrate 5 (step 21 of FIG. 3). The metal
layer such as, for example, nickel layer 11, may be formed in
any suitable way, for example, by Physical Vapour Deposition
(PVD) by DC sputtering at room temperature. Optionally an
annealing step in a non-oxidizing ambient can be performed
prior to the step of oxidizing the metal layer such as nickel
layer 11, to control the crystal structure of the metal layer e.g.
metal layer such as nickel layer 11, and the underlying bottom
electrode 2. This metal layer, e.g. nickel layer 11, can have an
as-deposited thickness in the range of 20 to 100 nm. A metal
oxide M, O,, e.g. nickel oxide Ni,O,, resistive switching layer
3 with a substantial isotropic non-stoichiometric oxygen-to-
metal ratio y/x, the effective oxygen-to-metal ratio (y/x),,
being smaller than the stoichiometric oxygen-to-metal ratio
(¥/X) 4, 18 Tormed in contact with this conductive layer, e.g.
nickellayer 11 (step 22 of FIG. 3). In particular embodiments,
this metal oxide layer 3 may be formed by thermal oxidation
of exposed regions of the bottom electrode 2 whereby the
conductive layer, e.g. nickel layer 11, may be only partially
oxidized such that a conductive, e.g. nickel layer 6, remains
underneath and in contact with the metal oxide layer, e.g.
nickel oxide layer 3. The thickness of the metal oxide layer,
e.g. nickel oxide layer 3, can be in the range of 15 nm to 150
nm depending on the thickness of the initial conductive layer,
e.g. nickel layer 11, and on the thermal budget of the oxida-
tion process. The oxygen ambient for oxidizing the conduc-
tive layer, e.g. metal layer such as nickel layer 11, may be at
about 100% O,. At a predetermined oxidation temperature,
the oxidation time can last for a predetermined time selected
in view of the thickness of the as-deposited metal layer. As an
example only, at about 500° C., the oxidation time for Ni can
range from 1 to 10 min, whereby the actual oxidation time
may be chosen in view of the thickness of the as-deposited
metal layer, e.g. nickel layer 11. For anickel layer 11 of about
100 nm, the oxidation time and temperature may be about
500° C. for a time in the range 1 to 3 minutes. For a nickel
layer 11 of about 20 nm, the oxidation time and temperature
may be about 400° C. for a time in the range 3 to 10 minutes.
In this thermal budget range a substantial similar effective
substoichiometric ratio was obtained. By means of transmis-
sion electron microscopy and electron energy loss spectros-
copy (TEM/EELS) investigation, it was shown that no sig-
nificant composition variation in the thus formed nickel oxide
layer 3 occurred in this time range of 1 to 10 minutes oxida-
tion time, as the Ni oxide remained oxygen deficient. On the
other hand, in this range of 1 to 10 minutes oxidation time the
thickness of the nickel oxide layer 3 formed increased by less
than 10 nm as measured from SEM imaging; however a
strong increase of the NiO peaks intensity on blanket layers
was evidenced by X-ray diffraction. Then a top electrode 4 is
formed contacting the metal oxide layer, e.g. nickel oxide
layer 3 (step 23 of flowchart 3). The top electrode 4 may be a
metal layer, for example a nickel layer 9 deposited on the
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metal oxide, e.g. nickel oxide layer 3. Optionally a further
conductive layer, such as a TiN layer 10, can be formed
contacting the metal layer, e.g. nickel layer 9.

In a particular embodiment the metal oxide memory ele-
ment 1 is a NiO memory element which was manufactured as
follows, illustrated by FIGS. 4 to 8. First, a Ni layer 11 is
deposited on a TiN 7/Ti 8 stack formed on a SiO, insulating
layer of a substrate 5 (FIG. 4). The thickness of this Ni layer
11 can be in the range from 20 nm to 100 nm. Then, a
Si0,/Si;N,, dielectric stack 12, for example with a thickness
of about 200 nm, is deposited over the Ni layer 11 (FIG. 5).
Contact holes 13, having a diameter of about 80 nm, to the
underlying Ni layer 11 are opened in this dielectric stack 12,
for example using 193 nm photolithography patterning and
dry etching of the exposed dielectric regions (FIG. 6). These
contact holes 13 expose the underlying Ni layer 11. Subse-
quently, thermal oxidation of the exposed regions of the
underlying Ni layer 11 is performed at 500° C., during 1 min,
under pure oxygen (100%) ambient, leading to the growth of
an about 40 nm thick substoichiometric NiO 3 layer within
the contact holes 13 (FIG. 7). The NiO 3 layer will at least
partially fill the contact hole 13. A part of the underlying Ni
layer 6 remains unoxidized and will become part of the bot-
tom electrode 2. Finally, a 100 nm thick large Ni top electrode
9 is deposited overlying the at least partially filled contact
holes 13, resulting in a multiple-contact Ni 9/NiO 3/Ni 6
memory cell having a total contact area of about 10 um? (FIG.
8).

In FIGS. 4 to 8, the manufacturing of multiple contact
memory cells was illustrated whereby each memory cell has
multiple contacts 14 from the top electrode 9 to the resistive
switching layer 3. One can also manufacture a single contact
memory cell (not illustrated in the drawings) whereby only a
single contact is provided to the resistive switching layer 3 by
confining the switching element M,O,, e.g. Ni,O,, within a
contact hole. A conductive layer, e.g. a TiN layer 10, may be
provided overlying the resistive switching layer 3.

The NiO memory element fabricated in accordance with
the particular embodiment of the second aspect is used to
determine the resistive switching properties of a substoichio-
metric Ni,O, layer. As explained earlier, the unipolar resis-
tive-switching of nickel oxide layer can be described as fol-
lows: 1) the cell resistance of the pristine Ni,O,, layer is
initially high and requires a so-called electro-forming voltage
Vroraane 10 generate conductive filaments through the
nickel oxide matrix and to switch the cell to the low-resistive
state (LRS); 2) the created filaments can be disrupted in a sort
of fuse blow using a high current, called reset current I zczr
so that the cell returns to a high resistive state (HRS); 3) the
filaments can be restored using a set voltage V i lower than
the electro-forming voltage Vzoramve: Vser<V roraanve

The thermal mechanisms involved with the set switching
may generate different filament configurations, e.g. the num-
ber, distribution, and/or size of the filaments formed in the
substoichiometric nickel oxide resistive switching layer may
change depending, inter alia, on the actual thermal energy
provided. As the reset switching can be regarded as a thermal-
driven oxidation of the formed filaments, the required reset
power may fluctuate depending on the quality and quantity of
these filaments. As this filament oxidation may vary for a
given reset power and a given filament configuration, the set
voltage required to restore the filaments may also fluctuate.

Current-voltage (I-V) characteristics were investigated
using a standard semiconductor parameter analyzer (SPA),
which gives useful information into basic cell properties;
however, the measurements should be carried out carefully.
Indeed, the SPA tool is not able to limit on the nanosecond
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scale the discharge of parasitic capacitances between the cell
and the system during the switching to the low resistive state,
the latter being regarded as a soft-breakdown. Such current
discharge at a high voltage is likely to extend the creation of
filaments in the Ni,O,, layer in an uncontrolled manner, and
thus increases the breakdown-related damage. This in turn
results in a higher subsequent reset power Przorr=lrpsrrX
V zzsgr With I 2o being for filament erasure and repair of
the breakdown-related damage, as the reset switching is a
thermal mechanism.

Extended filament creation is limited for conductive mate-
rial/substoichiometric M,O,/conductive material cells, e.g.
Ni/substoichiometric Ni,O,/Ni cells, according to the
embodiments, whereby a substoichiometric M, O , e.g. N1,O,
layer 3, is sandwiched between a conductive layer, e.g. a Ni
layer in the top electrode 4 and bottom electrode 2. The
memory element according the above embodiments, when
implemented as a Ni/Ni,O,/Ni cell, showed an exceptionally
1ow Vporamnve of about 1V or less. For this low forming
voltage the discharge power of the SPA tool and the associ-
ated heat generation are limited. This exceptional low value
of the electroforming voltage V z,zmve of oxygen-deficient
Ni/NiO/Ni cells is associated with low soft-breakdown/set
field of the optimized oxygen-deficient Ni,O, layer. By
means of transmission electron microscopy and electron
energy loss spectroscopy (TEM/EELS) investigation, the
substoichiometric composition NiO,, s was evidenced as the
oxygen-to-nickel ratio (y/x),, was about 0.75 which is less
than the stoichiometric ratio (y/x),,=1 of NiO. This strong
oxygen deficiency is believed to assist in both a rather low
initial cell resistance and for a low electro-forming field.

The initial resistance of the substoichiometric Ni,O, layer
3 R,,,, and the forming voltage V -1 v Increased signifi-
cantly with oxidation time in the range from 1 to 10 minutes.
By means of transmission electron microscopy and electron
energy loss spectroscopy (TEM/EELS) investigation, it was
shown that no significant composition variation in the thus
formed nickel oxide layer 3 occurred in the time range of 1 to
10 minutes oxidation time, as the Ni oxide remained oxygen
deficient with the substoichiometric composition NiQy 5. On
the other hand, in this range of 1 to 10 minutes oxidation time
the thickness of the nickel oxide layer 3 increased by less than
10 nm as measured from SEM imaging; however a strong
increase of the NiO peaks intensity on blanket layers was
evidenced by X-ray diffraction. Hence, the increase of R, ;,
and V oz ave With oxidation time is assumed to be mainly
due to a microstructure change, probably going along with
film densification and improved crystalline order. When the
oxidation duration was further reduced below 1 minute, the
cells were often leaky and did not show resistive switching. It
is assumed that the strong oxygen deficiency obtained for the
Ni oxide film 3 together with the specific microstructure
obtained for 1 minute long (or longer) oxidation accounted
both for the low cell resistance and for the low electro-form-
ing voltage.

On the other hand, it is also observed that the SPA compli-
ance current [, setting, i.e. the current limit implied on
the SPA tool, during the electro-forming stage has a critical
influence on the subsequent switching properties of the cell.
In particular, large I .,,,» (>1 mA) setting will result in fila-
ment configurations, e.g. a nickel oxide layer 3 having more
filaments, wider filaments and/or a denser filament network,
requiring large reset power Pz, for erasure (resetting).
Such filament configurations require thus a higher reset cur-
rent 1.7, which may be obtained at higher voltages, such
that the reset voltage V z o7 may come close to V.
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Due to the unipolar switching characteristic of the substo-
ichiometric M, O, layer according to the embodiments, or
NiO layer in accordance with the embodiments, having a
reset voltage Voo approximating the set voltage V o, will
increase the risk of parasitic set switching during the I-V reset
sweep and the permanent degradation of the cell due to exces-
sive filament formation. As shown in FIG. 9, first an electro-
forming step is performed resulting in a low resistive state of
the NiO layer 3. When resetting this low resistive state at a
reset voltage close to the set voltage, instead of resetting the
NiO layer 3 to a high resistance state the NiO layer 3 remains
in a low resistive state. Subsequent reset cycles fail to reset the
NiO layer 3 from a low resistive state to a high resistive state.
As shown in FIG. 10, this parasitic set switching is efficiently
avoided using a current-controlled reset sweep with compli-
ance voltage slightly lower than V... The use of a compli-
ance voltage lower than V., makes sure that the voltage
change after reset switching will not overcome V., and
generate parasitic set switching. After the electro-forming
step, the NiO layer 3 can be reset from the low resistive state
to a high resistive state by applying a reset cycle with limited
voltage. In this latter case the switching control and cyclabil-
ity of the cell is significantly improved.

On the other hand, it has been observed that the voltage-
controlled I-V mode gives good switching control when low
Tconr (<1 mA) setting of the SPA is used. Moreover, as
discussed earlier a lower I, allowed the formation of
filament configurations requiring lower Pproz-r FIG. 11
shows set sweeps using different I -, .- settings together with
their subsequent reset sweep: open triangles 1 .,,,,=20 uA,
open circles 5,600 VA, open squares 1,10 mA.
The traces with solid symbols represent the set sweeps pre-
ceding the corresponding reset sweeps represented by open
variant of the symbol. The traces Iz, clearly decrease if
Iconm 15 decreased. Indeed a low I, setting limits the
amount of created filaments, so that the required reset power
will be decreased.

FIG. 12 shows a set/reset -V cycle obtained using a reset
current I o-as low as 40 uA. During the set switching (solid
triangles) the compliant current was set at 20 uA at 0.6V. This
40 uA reset current is one of the lowest reported reset currents
for an undoped NiO resistive memory element probed with-
out a MOS selecting element. As said earlier, the low resis-
tance state obtained using low set power is specific to the
Oxygen-deficient NiO resistive switching layer here dis-
closed.

FIG. 13 shows that the low resistance (LRS) R, gradu-
ally increases with decreasing I ~o,p, and F1G. 14 shows that
it gradually increases with decreasing set power
Porr=lconsXVser suggesting indeed the formation of less
numerous, less dense and/or narrower filaments. Consis-
tently, both Iz ¢z and Pr o7 of the subsequent reset cycle
decrease with the increase of low resistance (LRS) R, as
illustrated in FIGS. 15 and 16, respectively. This inverse
relationship between the value R, of low resistance state
and the reset power Pp .- confirms the direct control on the
number and width of the conductive filaments formed in the
oxygen-deficient NiO layer 3 when setting this NiO layer 3 to
a low resistive state R gz, These results indicate the possibil-
ity of multilevel switching, controlled by the use of different
compliance current 1., values. As the amount of created
filaments can be determined by selecting the compliance
current at set switching thereby resulting in a gradual change
in the value of the low resistance state, multilevel switching is
indeed possible.

An advantage of using the compliance current I, of a
programming device, in the particular embodiment of the
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SPA, is that the intermediate resistive states obtained in a set
cycle do not need to be first programmed to the most conduc-
tive set state before resetting.

FIG. 17 and FIG. 18 show current I-voltage V sweeps
measured at different temperatures for a NiO layer set to low
resistance states obtained with respectively a compliance cur-
rent of [ ., ,>1 mA and with I ., <1 mA. The high-power
low resistive state shown in FIG. 17 shows a metallic-like
increase of the resistance R, with the temperature as
observed in the prior art. With metallic-like behavior is meant
that the resistance increases with temperature. However, the
low-power low resistive state shown in FIG. 18 exhibits a
thermally activated conduction, probably involving carrier
transport between oxygen vacancy defects along filament-
chains having higher density of vacancies, whereby the value
of'the low-power low resistive state decreases with increasing
temperature.

The value Ry, of the low-power low resistive state is
higher than the value Rz, of the high-power low resistive
state.

The high resistive state of the sample shown in FIG. 17 also
increases with increasing temperature.

To gain some insight into the physical nature of the fila-
ments, the temperature dependence of the conduction of the
LRS state, depending on the LRS resistance R, has been
studied. FIG. 17 shows the decrease of the conduction at
higher temperature for low LRS resistance R ;- (correspond-
ing to high switching current/power), indicating a metallic
behaviour of the filaments. On the other hand FIG. 18 shows
an increase of the current with the temperature for high LRS
resistance Rz, (corresponding to low switching current/
power). This latter effect was associated to the strong influ-
ence of the semiconducting behaviour of the NiO matrix
outside the filaments on the decrease of the LRS resistance
R 7 with the temperature. This effect may be observed in
case of very large nickel oxide cells for which the resistance
ratio between LRS and HRS state is low, in other words when
the parallel resistance constituted by the NiO matrix of the
nickel oxide layer 3 affects the overall cell resistance when
the temperature increases. However this effect did not hold
for the memory cells according to the embodiments, because
the resistance of the HRS state was observed to be more than
2 decades higher than the LRS resistance in the temperature
range up to 150° C. Moreover an increase of the HRS resis-
tance with the increase of the temperature was observed,
which was associated with a relaxation mechanism. To sum-
marize, these findings indicate that the increase of the LRS
resistance R gz, with the temperature is due to the filaments,
and thus it implies that the filaments themselves are of semi-
conducting type.

FIG. 19, in its top part (a), shows the influence of the
activation energy «, extracted from I-V characteristics as
shown in FIGS. 17 and 18, on LRS resistance Ry, The
activation energy is obtained by plotting the cell resistance (as
measured in the set state at different temperatures) as a func-
tion of 1/kT (Arrhenius extraction). One can see the gradual
transition between the metallic (left) and semiconducting
(right) behaviour of the filaments depending on LRS resis-
tance R g, The transition is observed for R ;,~200€, which
is obtained for I 5, ~800 pA. Note that the Arrhenius plots
in the insets of FIG. 17 are not linear in broader temperature
ranges extended above 100° C., however the purpose of this
extraction was only qualitative. The semiconducting nature of
the filament may be associated again with the strong oxygen
deficiency of the NiO element wherein the conduction prob-
ably involves carrier transport between oxygen vacancy
defects along filament chains having higher density of vacan-
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cies as illustrated by the top part of FIG. 19. Higher set powers
would increase the density of vacancies along a filament up to
the point it becomes metallic.

The semiconducting nature of the filaments may be asso-
ciated again to the strong oxygen deficiency of the NiO ele-
ment wherein the conduction probably involves carrier trans-
port between oxygen vacancy defects along filament-chains
having higher density of vacancies. The bottom part of FIG.
19 shows sketches of the amounts of oxygen vacancies cre-
ated during set switching and affecting the conduction
mechanism. Higher set powers would increase the density of
vacancies along a filament up to the point it becomes metallic.

More generally, this low-power switching process may
retard the degradation of the cell cycle after cycle as com-
pared to deformations or formation of Ni filaments associated
with electro-migration processes during high-power set
switching. These switching-related degradations related to
metal electro-migration effects during high-power set switch-
ing might be reduced using lower set power. Preliminary
endurance tests up to 100 I-V set/reset cycles without failure
were observed for low-power switching.

Finally, the low-power switching, associated with the
assumed formation/erasure of few and tiny filaments, also
questions the stability of this LRS state. This point is particu-
larly important to address, bearing in mind that the LRS state
is reported to be more prone to retention loss at high tempera-
ture because of the thermal activation of the reset switching
mechanism. Therefore, retention tests of the low-power LRS,
high-power LRS, and HRS states up to 150° C. were carried
out. The cells were programmed in the respective states at
room temperature, then they were raised at the test tempera-
ture whereby the resistance was read as a function of time
using Vzz,,=0.1 or 0.3 V.FIG. 20 shows the main results of
this investigation. All states showed strong stability. Regard-
ing the low-power LRS state, excellent behaviour was
obtained for V. ,,=0.1 V. For V., ,=0.3 V (not illustrated
in FIG. 20) a small resistance jump was observed after ~2000
sec. at 150° C., however keeping a memory window of ~2
decades after 10* sec. at 150° C., indicating good immunity of
the cell to read disturbs (bearing in mind that the reset voltage
observed for low-power set state is in the range 0.4-0.5 V).

FIG. 21 shows typical set/reset sweeps obtained using high
set power for a single contact memory cell whereby a single
contact is formed to expose the Ni 11 to form a NiO layer 3 in
the contact opening 13. As a top electrode 4 TiN is used. The
high current level reached before reset switching indicates
that wide filaments may be programmed within a single and
narrow contact, and confirms that low-power switching is
more related to the programming conditions than to the cell
size. In agreement, low-power switching was also possible in
these Ni/NiO/TiN single-contact cells. FIG. 22 confirms the
possibility to decrease drastically 1 .qz, for low set power
also for single-contact cells, thus showing the scaling poten-
tial of NiO cells in single contacts. Both multiple contact
Ni/NiO/Ni memory cells and single contact Ni/NiO/TiN
memory cells show the same dependency of I, zoz-0n 1. /m-

What is claimed is:
1. A unipolar resistive-switching non-volatile memory ele-
ment, comprising:
a metal-oxide layer sandwiched between a top electrode
and a bottom electrode, the resistivity of the metal-oxide
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layer being switchable between a low resistive state
(LRS) and a high resistive state (HRS),
wherein the metal oxide layer has a substoichiometric oxy-
gen-to-metal ratio selected to have a forming voltage
Vforming> for bringing the memory element into an initial
low resistive state, of 1 V or less.

2. The memory element according to claim 1, wherein the
metal-oxide layer is sandwiched between and in contact with
the top electrode and the bottom electrode.

3. The memory element according to claim 1, wherein the
metal oxide layer is substantially isotropic.

4. The memory element according to claim 1, wherein a
reset current |, ., required for setting the memory element to
a high resistive state, is less than 100 uA.

5. The memory element according to claim 1, wherein the
resistivity of the low resistance state LRS is selectable by
selecting a compliance current I, applied when bringing
the memory element into the low resistance state LRS.

6. The memory element according to claim 1, wherein the
low resistive state is a semiconducting low resistive state by
semiconducting filaments in the resistive switching metal
oxide layer.

7. The memory element according to claim 1, wherein the
metal oxide layer is a binary metal oxide layer.

8. The memory element according to claim 7, wherein the
binary metal oxide layer is a nickel oxide layer with an oxy-
gen-to-nickel ratio between 0 and 0.85.

9. The memory element according to claim 8, wherein the
binary metal oxide layer is a nickel oxide layer with an oxy-
gen-to-nickel ratio between 0.6 and 0.85.

10. The memory element according to claim 7, wherein the
bottom electrode comprises nickel and wherein the top elec-
trode comprises nickel.

11. The memory element according to claim 10, wherein
the top electrode consists of nickel.

12. A method for multi-level programming of a unipolar
resistive-switching non-volatile memory element, the
memory element comprising a metal-oxide layer sandwiched
between a top electrode and a bottom electrode, the resistivity
of the metal-oxide layer being switchable between a low
resistive state (LRS) and a high resistive state (HRS),
whereby the resistive switching metal oxide layer has a sub-
stoichiometric oxygen-to-metal ratio selected to have a form-
ing voltage V,,.,..,.., for bringing the memory element into an
initial low resistive state, of 1 V or less, the method compris-
ing:

selecting low resistance state LRS,

selecting a value of a set power, for being applied during a

set voltage switching, in view of the selected low resis-
tance state, and

switching the memory element into the low resistance state

LRS by applying a predetermined set voltage V oz,

13. The method of claim 12, wherein selecting a value for
the set power comprises selecting a value of a compliance
current I -, for being applied during the set voltage switch-
ing.

14. The method according to claim 13, wherein selecting a
value of the set power comprises selecting a value of the set
voltage as 1 V or less, and selecting a value of the compliance
current comprises selecting a value in the range 0f 0.1 uA to
1 mA.



